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For a thorough understanding of the nature and mode of action of filterable viruses, it is necessary that they be separated from the tissue substances with which they are associated. Moreover, the methods whereby such purification may be accomplished, are in themselves capable of fielding additional data concerning the properties of the virus in question. The purpose of this communication is to describe procedures effective in separating the virus of poliomyelitis from most of its associated tissue constituents and in its subsequent concentration.
The methods follow closely those which enabled Willst~tter and his coworkers to isolate enzymes in their purest known form. Numerous investigators (1) have reported the capacity of various colloidal suspensions to adsorb filterable viruses. In most instances the viruses appear to be inactivated in the adsorbed state, and in the case of poliomyelitis virus, Amoss (2) states that "the presence of colloidal substances with adsorptive power destroys the virulence after 1 or 2 days." Gildemeister and Herzberg (3) adsorbed bacteriophage on kieselguhr and succeeded in subsequently eluting it with dilute ammonia. Their results were confirmed by Callow (4) and Kligler and Olitzki (5) . The latter investigators (5) obtained similar results with fowl-pox virus, using kaolin as the adsorbing agent. Recently, Rhoads (6) described the adsorption and inactivation of poliomyelitis virus on aluminum hydroxide Type C of the Willsttttter series, and showed that adsorption occurred at pH 5.5 and 7.0, but not at pH 8.8. It appeared, therefore, that if the inactivation of the virus is not irreversible, it should be possible to adsorb it at an acid pH, and elute at an alkaline pH. That the inactivation is reversible and that elution of the virus is possible, has already been reported in a preliminary communication (7).
* Aided by a grant from the International Committee for the Study of Infantile Paralysis (Jeremiah Milbank Fund). 3O7
Preparation of Aluminum Hydroxide GeL--Alumina gel C was prepared essentiaUy according to the method of Willst~ttter and Kraut (8) , excepting that the centrifuge was used instead of natural sedimentation. An effective gel was thus obtained, the process requiring only 2 days as compared with 2 weeks or more in the original procedure. Distilled water must be used throughout; in the preparation of a large quantity of this gel, tap water was used once and a product of entirely different 'physical and adsorptive properties was obtained. The following is the procedure for preparing 250 cc. of the gel.
To distilled water at 70°C., sufficient concentrated ammonia is added to make a 4 per cent solution. A filtered solution of 50 gin. A12(SO4)a-18H20 in 150 cc. of water at 65°C. is rapidly poured into the ammonia, and the mixture shaken vigorously for 15 minutes. The gel is then centrifuged until a well packed sediment is obtained; the supernatant water-clear liquid is poured off. The sediment is made up to 1000 cc. with water, shaken, and recentrifuged; this process is repeated five times. After the fifth decantation, 400 cc. of 4 per cent ammonia at 70°C. is added to the sediment and the mixture shaken for 15 minutes. It is then centrifuged, the superuatant liquid poured off, and the sediment made up to 1000 cc. with water. After shaking, it is again centrifuged. The supernatant fluid is water-clear until about the ninth or tenth washing, when it becomes opalescent. When this stage is reached the gel is washed once more and after centrifugation and decantation, the sediment is made up to 250 cc. with water and thoroughly shaken with glass beads. The gel is standardized by determining the quantity of A1203 per cc., which is accomplished by drying 5 cc. in a crucible at ll0°C., igniting, and weighing the residue. When the quantities given above are used, different preparations contain from 21-25 rag. A1202 per cc.
The Elution of Poliomyelitis Virus
The purpose of this experiment was to determine whether or not the absorption of virus was complete or nearly complete, and whether the virus can then be removed from the gel in an active state. A highly centrifuged monkey cord suspension has an opalescent supernatant liquid, the particles of which are carried down with the alumina gel sediment; to eliminate the possibility of extracting virus from such tissue particles during the eluting process, a Seitz filtrate was used in this experiment.
Immediate flocculation of the gel occurred. The mixture was shaken for 20-30 minutes and left in the refrigerator for 3-4 hours. It was then shaken again and centrifuged for 20 minutes or until the densest possible packing of the gel occurred. The superuatant liquid which had a white (lipoid-containing (?)) cake at itssurface was poured off. The sides of the tube and the surface of the gel were carefully washed with distilled water. The sediment was now mixed with 5 cc. of •/15 Na~HPO4. The gel which was formerly flocculated became homogeneous; after shaking for 20 minutes it was left at room temperature overnight. The following morning it was again shaken and then centrifuged. The superuatant liquid was colorless and water-clear without any cake at its surface. (It is interesting to note that there were other preparations of alumina gel C and of virus which failed to show the above mentioned flocculation reaction or separation of lipoid-containing (?) material, and nevertheless worked equally well as regards adsorption and elution.) The original virus filtrate, the adsorbed supernatant liquid, and the eluate were then diluted to the same volume. 1 cc. of the dilutions (equivalent to 0.05 cc. of the original) was injected intracraniaUy into monkeys. 
Result

Typical poliomyelitis--6 days No poliomyelitis Typical poliomyelitis--5 days
Typical poliomyelitis--6 days No poliomyelitis Typical poliomyelitis--10 days In Table I it will be seen that with the doses used the adsorption of the virus is probably complete or nearly complete, and that the ~/15 Na2HPO4 eluate, volumetrically equivalent to the original virus filtrate, produced symptoms somewhat more rapidly even than the control. Chart 1 shows the strikingly similar course of the temperature and paralysis in Monkey 1, injected with the original virus, and Monkey 3, injected with the ~/15 Na2HP04 eluate.
In another experiment the effectiveness of M/150 Na2HPO4 as an eluting agent was determined. The previous procedure of adsorption and elution was exactly duplicated. Table I shows that the 5/150 PURIFICATION O1 ~ POLIOMYELITIS VIRUS Na,HPO, eluate also produced typical poliomyelitis, although the incubation period was twice as long as with the M/15 Na,HPO4 eluate.
Selective-Washing of the Alumina Gel C-Virus Complex
The purpose of this experiment was to determine whether or not it would be possible to wash away selectively any inactive organic substances from the sediment containing the adsorbed virus. Since the virus is adsorbed at an acid pH, it appeared theoretically possible to extract soluble substances which were carried down in the sediment Procedure.--To S cc. of a 5 per cent Seifz-filtered pooled virus preparation, 5 cc. alumina gel C and 1 cc. M/IS KI-12PO4 were added. This mixture was shaken and centrifuged as previously described. The supematant liquid was poured of[ and 9 cc. ~/S NaCI and 1 cc. M/15 KH2PO+ were added to the sediment. The sediment was stirred and the mixture shaken vigorously for 20 minutes, allowed to stand 4 hours, and then centrifuged until the se~llment was packed as densely as possible. The supernatant liquid was poured off and 5 cc. of x*/15 Na2PO4 were added for elution. The original Seitz-filtered virus, the adsorbed supernatant liquid, the M/5 NaCl-u/15 KH~PO4 washings, and the eluate were tested for virus content by intmcranial injection into monkeys.
The results, shown in Table II , indicate that the M/5 NaC1-M/15 KH~PO, washings, like the adsorbed supernatant liquid, contain practically no virus, whereas the M/15 Na2HPO4 eluate is probably almost as potent as the original vires preparation. Analysis of the NaC1-KH~PO4 washings showed the presence of nitrogen-containing organic substances thoughquantitatively less than that found in the • r/15 Na2HPO, eluate. 
Concentration of Poliomyelitis Virus
Certain immunological and chemical studies on filterable viruses are either impossible or unreliable with the concentrations obtained by the ordinary methods of extraction. To obtain a concentrated solution of poliomyelitis virus two procedures were considered: (1) concentration by elution in a volume smaller than .that of the original ",rims preparation, (2) concentration by dialysis and distillation in vacuo.
Procedure.--105 gin. of poliomyelitis monkey cords were ground with sand and saline (2100 cc.), shaken for an hour, and allowed to stand in the refrigerator overnight. Mter centrifugation the supematant liquid was filtered through paper pulp and then through a large Seitz filter under positive pressure. Adsorption was carried out as follows: 1000 cc. of alumina gel C (24 rag. A1203 per cc.) plus 200 cc. u/15 KI-I2PO4 plus 2000 cc. of the virus filtrate. (The virus filtrate was sterne, but the phosphate and alumina gel were added unsterilized and without preservative. I) The mixture was shaken for an hour and allowed to stand in the refrigerator overnight. It was then centrifuged until the densest possible packing of the sediment had occurred. The supernatant liquid, which was water-clear and had no lipoid cake at the surface, was poured off. The sediment was taken up in a mixture of 1800 ec. M/5 NaC1 and 200 cc. M/15 KH2PO4. After stirring, it was shaken for an hour and allowed to stand for 4 hours. This was centrifuged and the washing was repeated with another 2000 cc. of NaC1-KtI2PO4 solution. The sediment from the second washing was eluted with 1000 cc. of M/15 Na~HPO4 (Eluate 1). The sediment from the first eluate was then treated with another 1000 cc. of ~/15 Na2HPO4 (Eluate 2). The original virus preparation, the NaCI-KH~PO4 washings, the adsorbed superuatant liquid, and both eluates were tested for virus content by intracranial injection into monkeys.
The data presented in Table III show (1) that the minimal effective dose in the original virus filtrate is contained in 0.005 cc., < 0.001 cc., (2) that fairly complete adsorption occurred, (3) that washing with M/5 NaC1-M/15 KH2PO4 removed very little or practically no virus, (4) that one elution with half the original volume leaves a large amount of virus on the alumina gel, which can be recovered by further elution. It appeared from these results that concentration by elution with diminished volumes would be wasteful of large amounts of virus and therefore impracticable.
Before attempting to distill virus-containing solutions in vacuo, it was necessary, of course, to be rid of the relatively large amounts of salts present in them. No data were found in the literature regarding dialysis of poliomyelitis virus. Callow (4) in her study of a staphylococcus bacteriophage found that it diffused readily through collodion membranes made with an alcohol concentration higher than 60 per cent, whereas sacs made with 50 per cent alcohol-50 per cent ether were always impermeable. In the following experiment, collodion was used which contained 24 per cent alcohol and 76 per cent ether. Bags were prepared by coating large flasks with the collodion, repeating process three times to give stronger sacs as well as to diminish the chances of imperfections.
The first and second eluates, previously described and tested (Table III) , were combined and 1500 ec. were dialyzed against running tap water for 48 hours, at
1 It now appears advisable to work either with sterile solutions under aseptic conditions or with suitable preservatives. the end of which time the solution inside the bag no longer gave a test for phosphate; chloroform was added to the dialyzing solution to prevent gross contamination. The dialyzed solution was distilled under diminished pressure (6--7 mm. of mercury) at an outside temperature which did not exceed 42°C. and an inside temperature which did not exceed 30°C. The small distillation flask, which was immersed in the water bath, never contained more than 30-40 cc., the solution Typical paralysis, 7 days * Monkeys 11 and 12 were both injected with solution from the same tube; yet No. 11 which received twice as much as No. 12 did not show any sign of poliomyelitis. That Monkey 11 was not entirely refractory is evident from the fact that it developed typical poliomyelitis when injected with a large dose of virus 2 months later. This appears to be a very good example of the relative resistance of some monkeys to the disease. being delivered into it from a separate flask at approximately the same rate as the water distilled off. Towards the end of the distillation foaming became rather marked, necessitating the addition of a few drops of octyl alcohol. The 1500 cc. of solution were reduced to a volume of 20 cc.; a relatively large amount of insoluble matter, both amorphous and crystalline settled out. After centrifugation, the supernatant liquid was dialyzed against 20 liters of distilled water for 24 hours, during which time the volume increased to about 100 cc. A second distillation in vacuo was performed to reduce the volume of the solution to 30 cc. After centrifugation, 10 cc. of the concentrated supernatant liquid were adsorbed on 10 cc. of alumina gel C, and subsequently eluted in 10 cc. M/15 Na2HPO4.
The original concentrated solution and its eluate were tested for virus content by intracranial injection into monkeys, the results being recorded in Table IV . The potency of the original, unconcentrated Seitz-filtered virus preparation was such that 0.005 cc., < 0.001 cc. of it (Table III) was necessary for producing poliomyelitis in a monkey. The results in Table IV indicate that the minimal effective dose of virus in the concentrated preparation was 0.0005 cc., < 0.0001 cc., and that another adsorption and elufion on this concentrated virus yielded a product which was potent in 0.0003 cc., < 0.0001 cc. Thus with a concentration of 50 times by volume, the increase in potency was only about tenfold. With the data at hand, it appears almost impossible to account for the manner in which this amount of virus was lost. If the virus had diffused readily through the dialyzing membranes, none or extremely little should have been left within the sacs after the prolonged dialysis against running tap water. Nevertheless, it appeared interesting to determine whether small amounts of virus could possibly diffuse through these rather thick and relatively impermeable collodion membranes. To do this 5 cc. of the combined unconcentrated eluates were dialyzed in a tested collodion bag (prepared as previously described) against 5 cc. of distilled water for 48 hours. At the end of that time, 2 cc. of the water outside the bag were injected intracranially into a monkey. This monkey came down with typical poliomyelitis in 17 days. Considering the amount that was injected, and the delayed incubation period, the quantity of virus that had passed through the membrane could not have been very large. No attempt will be made here to discuss the possible significance of this fact on the nature of the virus, but it suffices to say that it may perhaps account for part of the loss during the process of concentration. It is also possible that part of the virus may have been lost with the solid matter that settled out during the distillation. However, there are probably many other factors to account for the diminished yield. Nevertheless, the results of this experiment indicate that it is possible by repeated adsorptions, selective washings, and elutions, and by distillation in vacuo to obtain a purer and more concentrated preparation of poliomyelitis virus. What is, of course, of the greatest interest is that one can apply the methods used in the purification of non-living chemical substances to the isolation of the virus of poliomyelitis.
Chemical and Immunological Tests on Original and Fluted Virus
Many of the original Seitz filtrates of 5 per cent poliomyelitis monkey cord suspensions had no coagulable substances on heating at neutrality or with dilute acetic acid, and gave negative biuret and ninhydrin reactions. These tests could not be used therefore as criteria for the presence or absence of neuroproteins in the eluted virus. Determinations of the total solids and the inorganic residue upon ignition revealed that after one adsorption, the eluate contains probably less than 10 per cent of the organic constituents contained in the original virus filtrate. The serum of horses treated over a long period with poliomyelitic monkey cords and brains contains some precipitins for normal monkey neuroproteins, although in very low titer only. It has been observed, however, that definite flocculation occurred only with coarse suspensions of monkey brain and cord, and even with slightly opalescent solutions obtained after prolonged centrifugation, but none at all or at the most a very indefinite reaction with the Seitz or Berkefeld filtrates of these same suspensions. For this reason the precipitin reaction also appeared to be unsatisfactory as a criterion for the presence or absence of small amounts of neuroprotein in the purified, water-clear solutions. Injections of monkey brain and cord suspensions into rabbits over a period of a month with suitable rest intervals failed to produce a serum which would precipitate Seitz or Berkefeld filtrates of neuroprotein. Finally, guinea pig sensitization was resorted to as a method for testing small amounts of monkey neuroprotein. Twelve guinea pigs were injected intraperitoneally with 2 cc. each of a highly centrifuged 10 per cent normal monkey cord and brain emulsion, and twenty guinea pigs with 2 cc. each of the whole, uncentrifuged emulsion. Half the guinea pigs were tested for anaphylaxis after 21 days and the other half after 30 days, 1 cc. of the 10 per cent Seitz filtrate intravenously being the shocking dose.
In not a single instance was there definite and typical anaphylactic shock. There were a few instances of slight and transitory dyspnea, reactions, which, however, were sufficiently indefinite not to be considered positive. It appeared therefore that either monkey brain and cord emulsions were poor antigens or no antigens at all as concerns the guinea pig. There was, therefore, no way of showing whether or not the purified preparations of virus were associated with small amounts of monkey neuroproteins.
However, it is interesting to note that the nitrogen content ~ per cc. of the original (5 per cent) unconcentrated and unpurified virus preparation (minimal effective dose--0.005, < 0.001 cc.) was 0.188 mg., whereas that of the last eluate of the concentrated preparation (minimal effective dose--0.0003, < 0.0001 cc.) was 0.04 rag. Thuswith an approximate tenfold increase in potency there was an almost fivefold decrease in nitrogen content. This final purified and concentrated preparation failed to give the biuret, ninhydrin, and xanthoproteic reactions.
It is evident, of course, that the concentrated and purified preparation obtained in the last experiment does not represent pure virus. However, it does appear possible that by the use of suitable antiseptics throughout the various procedures, numerous repeated adsorptions, selective washings, and elutions, with concentration by distillation in vacuo, may yield concentrated and highly purified virus preparations.
SUMMARY AND CONCLUSIONS
Methods employed by WillstRtter and his coworkers in the isolation and purification of enzymes have been applied to the virus of polio-myelitis. Rhoads (6) showed that alumina gel C mixed with poliomyelitis virus in certain proportions at an acid pH resulted in the adsorption and inactivation of the virus. The experiments in this communication confirm Rhoads' observation, and show further that the adsorption as well as the inactivation are reversible; i.e., by changing the pH to the alkaline side with ~/15 Na21-IPO4 it is possible to free the virus in a state in which it is again capable of producing typical poliomyelitis. These experiments show also that by this process the virus undergoes considerable purification by diminution in the concentration of non-virus-containing substances. Washing the alumina gel C-virus complex with ~/5 NaCI-~/15 KHsPO4 apparently dissociates no virus but is capable of freeing a certain amount of extractible organic substances. Furthermore, it is possible to increase the degree of purity and concentration of the virus by distillation in vacuo, and subsequent repeated adsorptions and elutions. By such partial purification and concentration, a virus solution with a minimal effective dose (as regards the production of typical poliomyelitis) of 0.0003 cc. was obtained. This solution had 0.04 rag. N per cc., and gave negative biuret, xanthoproteic, and ninhydrin reactions.
These methods offer an opportunity for the preparation of a quantity of sufficiently purified and concentrated poliomyelitis virus to warrant the beginning of a study of its chemical nature; they also offer a means of anchoring the virus to an insoluble, and centrifugable substance (alumina gel C), which promises to facilitate various immunological studies, that might otherwise have been impossible. I wish to thank Professor William H. Park for the stimulating interest he has taken in this work.
